Pregnancy-associated malaria (PAM) is a serious consequence of sequestration of Plasmodium falciparum-parasitized erythrocytes (PE) in the placenta through adhesion to chondroitin sulfate A (CSA) present on placental proteoglycans. Recent work implicates var2CSA, a member of the PfEMP1 family, as the mediator of placental sequestration and as a key target for PAM vaccine development. Var2CSA is a 350 kDa transmembrane protein, whose extracellular region includes six Duffy-binding-like (DBL) domains. Due to its size and high cysteine content, the full-length var2CSA extracellular region has not hitherto been expressed in heterologous systems, thus limiting investigations to individual recombinant domains. Here we report for the first time the expression of the full-length var2CSA extracellular region (domains DBL1X to DBL6ε) from the 3D7 parasite strain using the human embryonic kidney 293 cell line. We show that the recombinant extracellular var2CSA region is correctly folded and that, unlike the individual DBL domains, it binds with high affinity and specificity to CSA (K D ¼ 61 nM) and efficiently inhibits PE from binding to CSA. Structural characterization by analytical ultracentrifugation and small-angle x-ray scattering reveals a compact organization of the full-length protein, most likely governed by specific interdomain interactions, rather than an extended structure. Collectively, these data suggest that a high-affinity, CSA-specific binding site is formed by the higher-order structure of the var2CSA extracellular region. These results have important consequences for the development of an effective vaccine and therapeutic inhibitors. malaria | pregnancy | plasmodium | chondroitin | structure
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Several indications support var2CSA as a vaccine candidate for PAM. Importantly, women develop antibodies that block CSA adhesion of placental isolates after one or two pregnancies, leading to naturally acquired immunity (16) (17) (18) . Moreover, antibodies induced by recombinant var2CSA domains inhibit the binding of placental parasite isolates to CSA (19, 20) . Recognition of var2CSA recombinant domains by sera from donors in malaria-endemic regions is specific to the female gender, correlates directly with gravidity of the donor and transcends the geographic origin of the sera (21, 22) . These observations strongly suggest that var2CSA carries conserved, protective epitopes and reinforce the view that var2CSA is an excellent candidate for vaccine development.
Var2CSA, a large, 350 kDa transmembrane protein, includes six Duffy-Binding-Like (DBL) domains in its extracellular region -three belonging to class X and three to class ε-and four interdomain regions (Fig. 1A) . Different studies indicate that several domains of var2CSA bind CSA (DBL2X, DBL3X, DBL5ε, and DBL6ε) (9, 23, 24) , suggesting that multivalent CSA-binding interactions might be involved in placental sequestration. However, recent work has questioned the ligand specificity of isolated domains (25) and has suggested that a higher-order organisation of the extracellular region of PfEMP1, determined by well defined interdomain contacts, is a prerequisite for creating a native CSA-specific binding site. In the present study, we assess this hypothesis by successfully expressing the complete extracellular region of var2CSA (domains DBL1X to DBL6ε) in a heterologous system. Biophysical and biological assays confirm that the recombinant extracellular var2CSA is correctly folded and functional. Furthermore, structural characterization by analytical ultracentrifugation (AUC) and small-angle x-ray scattering (SAXS) reveals a compact shape, compatible with the idea that a higher-order structure is essential for the formation of a highaffinity and specific CSA-binding site.
Results
Var2CSA Extracellular Region is Successfully Expressed in HEK293 Cells.
Var2CSA is a large protein with a 300 kDa extracellular region, a transmembrane segment and a short, conserved intracellular domain (Fig. 1A) . Due to its large size and the presence of more than 100 cysteines, expression of the entire extracellular domain has been unsuccessful to date. We have used the human embryonic kidney cell line (HEK293) heterologous expression system to obtain multidomain recombinant proteins, including the complete extracellular region of var2CSA (Fig. 1A) . We attempted to express var2CSA constructs from both the FCR3 and 3D7 laboratory strains but only the latter gave yields of the multidomain proteins that permitted functional and biophysical studies. The 3D7 var2CSA extracellular region, 3D7-DBL1X-6ε, containing all DBL domains and interdomain regions, and the multidomain, 3D7-DBL4ε-6ε, were successfully expressed as soluble protein secreted into the culture supernatant (Fig. 1B) . The yields after purification were ∼5 and 0.5 mg per liter of culture for 3D7-DBL4ε-6ε and 3D7-DBL1X-6ε, respectively. We also expressed DBL3X and DBL6ε from the FCR3 strain as soluble proteins in Escherichia coli in order to compare these domains, previously characterized for CSA binding, with the multidomain proteins. The yield for both domains was around 10 mg per liter of culture.
All recombinant proteins were purified to better than 95% purity. Under reducing conditions in SDS-PAGE, all four proteins migrated according to their expected molecular weight: FCR3-DBL3X (43 kDa), FCR3-DBL6ε (38 kDa), 3D7-DBL4ε-6ε (125 kDa) and 3D7-DBL1X-6ε (300 kDa) (Fig. 1B) , while under nonreducing conditions a shift in the migration of all proteins confirmed the presence of disulfide bridges. N-terminal sequencing, SDS-PAGE and Western blots indicated that the proteins remained intact, without proteolytic degradation occurring during the purification process.
Circular Dichroism Analysis of the Recombinant Var2CSA Constructs.
Far-UV CD spectra were recorded for all four recombinant proteins under native conditions. Each exhibited a peak at 195 nm and two troughs at 208 nm and 222 nm, respectively, characteristic of α-helical proteins (Fig. S1 ). The secondary structure content of the recombinant proteins calculated by spectrum deconvolution (Table 1) is consistent with that observed in the crystal structures of DBL domains; PkDBP (26), EBA-175 (27) , DBL3X (28, 29) , and DBL6ε (30) . We also analyzed the thermal unfolding of each recombinant protein by monitoring the change in ellipticity at 222 nm. In all cases, a sharp decrease in signal occurred in the 68-75°C temperature range ( Table 1) , showing that similar intradomain bonds are involved in the folding stability of single-and multidomain proteins and thus indicative of native folding. This stability can be partly attributed to a network of conserved, buried salt bridges between subdomains 2 and 3 of the DBL fold.
Low-Resolution Structure of Var2CSA. We performed AUC and SAXS experiments to determine the oligomeric state and overall shape of the recombinant proteins. AUC sedimentation velocity experiments suggest that the proteins are monomeric, with a low percentage of aggregates or multimeric forms, except for FCR3-DBL6ε which shows a higher aggregation propensity, with only 50% in monomeric form. The experimental sedimentation coefficients and f∕f0 frictional ratios of FCR3-DBL3X and FCR3-DBL6ε (Table 2) were compatible with theoretical values calculated from published crystal structures (28) (29) (30) . While the f∕f0 of single domains (≈1.3) is characteristic of hydrated globular proteins, that of 3D7-DBL4ε-6ε and 3D7-DBL1X-6ε is significantly higher (≈1.5), suggesting that the multidomain proteins are slightly more elongated than single domains. The . Purification of var2CSA derived proteins expressed in HEK293 and E. coli. SDS-PAGE Criterion XT Precast 4-12% Bis-Tris gel under reducing and nonreducing conditions was loaded with purified FCR3-DBL3X, FCR3-DBL6ε, 3D7-DBL4ε-6ε and 3D7-DBL1X-6ε. Protein was visualized with Coomassie blue (left) or transferred to a nitrocellulose membrane to detect recombinant protein using antiHis tag antibodies (right). Lanes 1-4: nonreduced FCR3-DBL3X, FCR3-DBL6ε, 3D7-DBL4ε-6ε, 3D7-DBL1X-6ε; lanes 5-8: reduced FCR3-DBL3X, FCR3-DBL6ε, 3D7-DBL4ε-6ε, 3D7-DBL1X-6ε. solution structure of 3D7-DBL1X-6ε was further analyzed by SAXS. An extended "beads on a string" model of the var2CSA extracellular region was generated using the coordinates of known crystal structures to account for the six DBL domains and four interdomain regions, and the theoretical scattering curve for this model was calculated and compared with experimental data (Fig. 2 ). The extended model (Fig. 2C) clearly does not fit the data ( Fig. 2A , χ 2 ¼ 68.9). A comparison of the theoretical sedimentation coefficient and frictional ratio calculated for the extended model (Table 2 ) with the AUC data confirmed this result, showing that the shape of the protein in solution is more globular, with the domains folding upon themselves. The size of 3D7-DBL1X-6ε calculated from the SAXS data gave a radius of gyration (Rg) of 6.24 nm and 18.5 nm as its longest dimension (Dmax), both significantly lower than for the extended model (Table S2 ). The experimentally determined volume matched that of the extended model, indicating that the mass of protein in the model corresponds to that of the recombinant protein but that the latter is more compact. Ab-initio modeling was carried out to determine the shape of 3D7-DBL1X-6ε and the most representative model is shown in Fig. 2B (χ 2 ¼ 2.4). its volume compares well with the sum of the individual domain volumes (Table S2) and it is compatible with the AUC results ( Table 2) . It was not possible to unambiguously determine the configuration of the ten structural modules within this low-resolution envelope by rigid-body fitting, although it did produce compact models compatible with the ab initio model dimensions.
3D7-DBL1X-6ε Binds Specifically to CSA. The functional integrity of the recombinant proteins was tested by direct ELISA using different plate-coated glycosaminoglycans (GAG) including the CSA proteoglycan decorin, CSA, chondroitin sulfate C (CSC), and heparan sulfate (HS) (Fig. 3A and Fig. S2 ). Of the four proteins, only 3D7-DBL1X-6ε bound to decorin and CSA in a dose-dependent manner and did not bind to any of the other sulfated GAG tested or to BSA (Fig. 3A) . We observed a stronger signal with decorin than with free CSA, in accord with a previous report that showed stronger adhesion of CSA-binding PE to decorin than to bovine tracheal CSA (25) . This could be due to the large protein core (40 kDa) in decorin allowing a more efficient coating of the plastic microplate or to differences in the chain length or sulfate content of the CSA chains. Curiously, it has been previously shown that single var2CSA DBL domains bind nonspecifically and with low affinity to different sulfated GAG (25, 30) . Here, we did not detect any binding by individual DBL domains, FCR3-DBL3X and FCR3-DBL6ε (Fig. S2) , indicating that the ELISA was either highly specific or not sensitive enough to detect low-affinity interactions. By contrast, our results indicate that 3D7-DBL1X-6ε binds specifically and with high affinity to CSA.
To further assess the CSA-binding specificity of 3D7-DBL1X-6ε, we tested whether other sulfated GAG could inhibit its binding to decorin. Decorin-coated plates were incubated with a constant concentration of recombinant 3D7-DBL1X-6ε premixed with increasing concentrations of CSA, CSC, and HS (Fig. 3B) . In these assays, binding of 3D7-DBL1X-6ε to decorin was inhibited by CSA, but not by the other sulfated GAG, in a dose-dependent manner. Taken together, these results show that only the complete extracellular domain of var2CSA binds specifically and with high affinity to CSA. 
3D7-DBL1X-6ε
Binds with High Affinity to Human Placental CSPG. The affinities of the interactions between placental CSPG and the four recombinant proteins were investigated by real-time surface plasmon resonance (SPR). The concentration dependence of the steady-state response obtained by flowing the proteins over immobilized human CSPG in a sensor chip was used to determine the binding constants (K D ) (Fig. 4, Table 3 ). K D is in the nanomolar range for 3D7-DBL1X-6ε, while the affinities of the other recombinant proteins are in the micromolar range (Table 3) . Indeed, the affinity was more than 1,500 times higher for 3D7-DBL1X-6ε than for the single DBL domains (FCR3-DBL3X and FCR3-DBL6ε) and 125 times higher than for 3D7-DBL4ε-6ε, indicating that only 3D7-DBL1X-6ε binds with high affinity to human placental CSPG.
Recombinant 3D7-DBL1X-6ε Can Competitively Inhibit Parasite Binding to Decorin. FCR3-CSA PE are known to bind specifically to CSA (25) . Since our direct ELISA and SPR measurements showed that 3D7-DBL1X-6ε binds specifically to CSA, we determined its capacity to inhibit the binding of FCR3-CSA PE to decorin using a competition assay. Decorin-coated plates were incubated with each recombinant DBL domain prior to incubation with FCR3-CSA PE. Of the four proteins, parasite binding to decorin was strongly inhibited only by 3D7-DBL1X-6ε (85%); equivalent masses of the single domains and 3D7-DBL4ε-6ε inhibited by 13% or less (Fig. 5) . FCR3-CD36 parasites, used as negative control, did not bind to CSA. These data clearly show that only the recombinant 3D7-DBL1X-6ε is fully functional and mimics the native adhesin present on the PE surface.
Discussion
The large molecular weight and high cysteine content of the full-length extracellular region of var2CSA have so far hindered its expression in heterologous systems, restricting functional and structural studies to single recombinant domains. Previous studies have shown that var2CSA contains several domains that bind CSA (9, 23, 24) but more recent results indicate that these soluble modules show poor specificity as they also bind to other sulfated sugars (25, 30) . The data presented here, obtained with the full-length DBL1X-6ε extracellular region from the 3D7 parasite strain expressed in HEK 293 cells, clearly indicate that this protein binds with high affinity and specificity to CSA (K D ¼ 61 nM), while single domains bind with much lower affinity, with a K D greater than 100 μM, confirming recently published data (30) . The CSA-binding constants for single and multiple domains measured in our study do not in themselves permit a distinction between an overall affinity of 3D7-DBL1X-6ε for CSA as a product of independent affinities of the individual domains (i.e., an avidity effect), or the formation of a high-affinity binding site resulting from a higher-order structure of the full-length protein. Nonetheless, the contrast between the exquisite specificity for CSA shown here for 3D7-DBL1X-6ε and the promiscuous binding of sulfated GAG by single domains reported elsewhere (25, 30) , strongly argues for the formation of a specific, high-affinity CSA-binding site created from a structured organization of the full-length extracellular region via well defined interdomain interactions. Indeed, combining our results with those recently reported, showing an absence of CSA-binding for FCR3-DBL4ε (25) but a strong inhibition of PE binding to CSA in the presence of anti-DBL4ε antibodies (20) , suggests that this var2CSA domain does not participate directly in receptor binding but rather contributes to the structuring of the complete extracellular region; thus antibodies that disrupt interdomain interactions would disturb the higher-order structure necessary for the integrity of the CSAbinding site. The lack of specificity towards sulfated GAG found for single var2CSA domains could be due to the high isoelectric point of the lysine-rich DBL domains, which could lead to nonspecific electrostatic interactions with sulfated sugars, as reported for individual var2CSA and non-var2CSA DBL domains (25, 30) .
The low-resolution structural results from AUC and SAXS are coherent with the hypothesis that CSA binding is dependent on a well defined overall structure of the extracellular region of var2CSA, since they indicate a compact organization of 3D7-DBL1X-6ε. Indeed, they clearly rule out an extended "beads on a string" structure where individual domains would behave independently of each other. AUC confirmed that 3D7-DBL1X-6ε was predominantly monomeric in solution and does not oligomerize to form a quaternary structure, but we cannot exclude Fig. 4 . 3D7-DBL1X-6ε binds with high affinity to human placental CSPG. From surface plasmon resonance binding experiments using soluble 3D7-DBL1X-6ε and immobilized placental CSPG, the variation in the steady-state SPR signal as a function of protein concentration was used to calculate the dissociation constant K D . The kinetic association curves used to derive K D are shown in the insert. Protein concentrations ranged from 20 nM to 1,280 nM. The K D constants of the other proteins were determined in the same way (Table 3) . 7.6 ± 1.5 DBL1X-6ε 0.061 ± 0.009 the possibility that association between the extracellular region and other partner proteins occurs on the PE surface. Although recent proteomic and microarray analyses have revealed the presence of other P. falciparum proteins specifically expressed in placental and CSA-binding parasites (11, 12) , there is no clear evidence that these proteins are exposed on the erythrocyte surface and involved in CSA adhesion. These proteins could be either involved in the trafficking of var2CSA to the PE surface or in its stabilization in a functional orientation through the formation of multiprotein complexes.
In conclusion, we provide here a unique demonstration of a binding phenotype that is associated with the multidomain organization of PfEMP1 and not with only one domain, such as the well characterized CIDR1α/CD36 and DBLβC2/ICAM-1 interactions (6) . Moreover, our results are in line with a previous study reporting interactions between different domains of PfEMP1 that modulate the adhesion phenotype of PE (31) . Our observations could also explain why var2CSA gene orthologues present in different P. falciparum strains are more conserved than any other var genes in terms of sequence homology and domain organization. This study offers a first glimpse into the structural basis of PE binding to CSA and opens the way for further characterization of the receptor-binding site, which is a major target of the transcendent inhibitory maternal antibody response. The findings reported here have important implications for the development of an effective pregnancy-associated malaria vaccine and unique therapeutic strategies and could also open avenues into functional studies of other large and cysteine-rich virulence factors involved in malaria parasites sequestration and invasion.
Material and Methods
Recombinant Protein Expression and Purification. Synthetic genes were designed for 3D7-DBL4ε-6ε and 3D7-DBL1X-6ε (accession PFL0030c) with optimized codons for human expression. These were cloned into a pTT3 vector with an N-terminal murine Ig κ-chain leader sequence and a hexa-His C-terminal tag. Since P. falciparum proteins are not N-glycosylated, all serines or threonines at potential N-glycosylation sites were substituted by alanine in the synthetic genes (Table S1 ). FreeStyle 293-F cells (Invitrogen) were grown in Freestyle 293 serum-free expression medium and transfected with the pTT3 vector containing the appropriate gene as previously described (19) . Cells were centrifuged 96 h posttransfection and the culture medium was harvested, filtered on a 0.22 μm filter and the supernatants concentrated five times using a 10 kDa cut-off Vivaflow 200 System (Vivasciences). Both proteins were purified on a HisTrap Fast Flow Ni-affinity column (GE Healthcare). 3D7-DBL1X-6ε was further purified by ion exchange chromatography on an SP Sepharose column (GE Healthcare) by elution with 1 M NaCl in 50 mM sodium phosphate buffer, pH 6.8. Both proteins were subjected to gel filtration chromatography on a Superde×200 16∕60 column (GE Healthcare) as the final purification step and concentrated using Macro-and Microsep concentrators (Pall/Millipore). Protein concentrations were determined with the BioRad protein estimation kit and the purity of the samples was analyzed by SDS-PAGE and Western blot. Expression and purification of FCR3-DBL3X and FCR3-DBL6ε in E. coli are given as SI Text.
Circular Dichroism. CD spectra were measured on an Aviv215 spectropolarimeter equipped with a Peltier thermostated cell holder (Aviv Biomedical). All recombinant proteins were dialyzed against 10 mM sodium phosphate buffer, 0.25 M NaF, pH 6.8. Details of measurements and data analysis are given as SI Text.
Surface Plasmon Resonance. Interaction between the recombinant proteins in solution and human placental CSPG (MR4 Reagents Resource), covalently coupled to a CM5 sensor chip (GE Healthcare) via its protein moiety, was studied on a Biacore® 2000 SPR system (GE Healthcare). K D was determined from the concentration-dependence of steady-state SPR response (after corrections for nonspecific binding). Further experimental details are reported as SI Text.
AUC and SAXS Analysis. Sedimentation velocity experiments were performed at 20°C on a ProteomeLab XL-I ultracentrifuge (Beckman-Coulter). Data analysis was performed by continuous size distribution analysis c(s) using the program Sedfit 11.2 (32) . SAXS data were collected at the BioSAXS station (ID14EH3) at the European Synchrotron Radiation Facility (ESRF), a fixed energy beamline optimized for solution scattering from biological macromolecules (13.32 keV, λ ¼ 0.931 Å). Scattered intensity distributions were radially averaged and corrected by subtraction of buffer scattering using PRIMUS (33) from the AT-SAS program package. Normalized curves were used to determine the model-independent scattering parameters: Rg, estimated molecular mass, particle volume and Dmax. Multiple runs of ab initio modeling done with DAMMIF (34) were evaluated with DAMAVER (34) and the theoretical scattering for the extended model was fitted to the merged scattering curve using the program CRYSOL (35) . The program SASREF (36) was employed for rigid-body fitting to experimental data using the extended model (Fig. 2C) as a starting point. Further details of the AUC and SAXS analyses are given as SI Text.
ELISA of Var2CSA Protein Binding to Different Glycosaminoglycans. ELISA plates were coated with different GAG: 5 μg∕mL for decorin (Sigma, D8428); 50 μg∕mL for chondroitin sulphate A (CSA) (Sigma, C8529), chondroitin sulphate C (CSC) (Seikagaku, 400670) and heparan sulphate (HS) (Sigma, H7640) in PBS (Gibco, NaCl 155 mM pH 7.2), using 100 μL per well overnight at 4°C. BSA at 1% in PBS was taken for background measurement. After coating, the wells were blocked with 150 μL of dilution buffer per well (PBS 1% BSA, 0.05% Tween20) for 1 h at 37°C. After removal of the blocking solution, each recombinant protein (FCR3-DBL3X, FCR3-DBL6ε, 3D7-DBL4ε-6ε, and 3D7-DBL1X-6ε) at serial dilutions of 0.3125-20 μg∕mL in the dilution buffer, was added per well and incubated for 1 h at 37°C with gentle shaking. After washing three times with PBST (PBS containing 0.05% Tween 20), 100 μL antiHis HRP conjugated antibody (diluted 1∶2000 in dilution buffer) was added to each well and incubated for 1 h at 37°C. After washing three times with PBST, the interaction was estimated with TMB (3,3',5,5'-tetramethylbenzidine) substrate (Biorad) using 100 μL per well for 20 min or until saturation was reached. Absorbance was measured at 655 nm.
Inhibition of CSA Binding to Recombinant Domains. Inhibition assays were performed using a similar protocol to that described above for ELISA, with decorin or CSA coated on the plate. Recombinant proteins at a concentration of 1 μg∕mL were premixed with increasing amounts of decorin, CSA, CSC, or HS (0.156-100 μg∕mL) and incubated for 30 min at room temperature with gentle shaking before addition to the coated ELISA plate.
Parasite Culture. P. falciparum FCR3-CSA and FCR-CD36 strains were maintained in culture under standard conditions in Oþ human erythrocytes in RPMI 1640 containing L-glutamine (Invitrogen) supplemented with 5% Albumax I, 1 × hypoxanthine and 20 μg∕mL gentamicin (37) . Cultures were routinely selected by gelatin flotation using Plasmion (Fresenius Kabi) to maintain knob-positive parasites (38) . CD36 or CSA-binding PE phenotypes were verified on receptors immobilized on plastic Petri dishes as previously described (39) . Parasites were tested mycoplasma negative by PCR. Synchronous PE cultures (3-12% parasitaemia) at mid/late trophozoite stages were purified using the VarioMACS and CS columns (Miltenyi) as previously described (40) .
Inhibition of PE Binding by Recombinant Proteins. Petri dishes (Falcon) were coated with 10 μL of ligand (1 mg∕mL CSA, 1% BSA, 45 μg∕mL CD36, 50 μg∕mL decorin) diluted in PBS within ∼0.5 cm diameter circles and incubated overnight at 4°C in a humid chamber. Each spot was washed three times with PBS and subsequently blocked with 1% BSA in PBS for 1 h at room temperature. After blocking, 10 μL of recombinant proteins at 0.2 mg∕mL in PBS were added to the spots and incubated for 1 h at room temperature. After removal of recombinant protein, 10 μL PE previously purified with VarioMACS and CS columns (Miltenyi) were added to each spot at the concentration of 5 × 10 7 PE∕mL. After incubation for 1 h at room temperature each spot was gently washed 3-5 times with PBS. Parasites bound to the spot were fixed with 2% glutaraldehyde in PBS and were counted to measure percentage of inhibition.
